The superheat degree of the regenerative extraction steam in double reheat systems is very high, leading to large temperature difference in the heat transfer process and worse thermal performance. This paper presents two typic * al systems to make the superheat of the extraction steam be used reasonably, which are a double reheat system with outer steam coolers and a double reheat system with a regenerative steam turbine. Thermodynamic analyses and techno-economic analyses are conducted to reveal the energy-saving effects of different systems. The results show that: the power generation efficiency of the system with outer steam coolers is increased by 0.16%-points than the conventional double reheat system, and the power generation efficiency of the system with a regenerative steam turbine can be further increased by 0.51%-points. Moreover, the cost of electricity of the system with a regenerative steam turbine is relatively lower than the system with outer steam coolers. This indicates that the two measures are both effective to use the superheat of the extraction steam. In addition, the system with a regenerative steam turbine is better than the system with outer steam coolers in both thermal and economic performance.
Introduction
The parameter level of the ultra-supercritical (USC) units has rapidly developed worldwide. On a global scale, USC power generation technology is entering a fast-development stage. Thus, using the double reheat system is necessary to improve the thermal performance of USC units [1, 2] . The double reheat USC power plants has been identified by China as the key research and development project for the National "Twelfth Five-year Plan" [3] . The superheat degree of the regenerative extraction steam in double reheat systems is very high, leading to large temperature difference in the heat transfer process and worse thermal performance [4] . Over the past few decades, double reheat systems have received a considerable attention. For example, J. Yan et al. presented a detailed method for a mathematical model of double reheat system and conducted thermodynamic analysis on double reheat systems [5] . K.S. Reddy et al. made some researches on selecting appropriate reheat parameters for double reheat units [6] . However, few studies focus on optimum utilization of extraction steam in double reheat power plants. In view of the importance of USC double reheat systems, studies on superheat utilization of extraction steam of double reheat systems in USC power plants are conducted in the paper. The objectives of the current study are as follows: (1) to present a double reheat system with outside steam coolers, (2) to present a double reheat system with a small regenerative steam turbine, (3) thermodynamic and techno-economic analyses of different systems are conducted to reveal the energy-saving effects of different systems.
Two superheat utilization measures of extraction steam in double reheat power plants
At present double reheat ultra-supercritical power generating units are still in research stage, there is no detailed data of double reheat system in ultra-supercritical power generating units. Through analysis of related literature, a typical double reheat system is presented as the Base Case. The main steam parameter is set to 30 MPa and 600 °C, and the reheat steam is heated to 610 °C. Fig. 1(a) illustrates a simplified process flow diagram of Base Case.
As mentioned earlier, the superheat degree of extraction steam after two reheat processes in double reheat systems is higher obviously. To reduce the superheat degree of extraction steam, this paper presents two typical systems to make the superheat of the extraction steam be used reasonably, which are a double reheat system with outer steam coolers (Case 1) and a double reheat system with a regenerative steam turbine (Case 2). 
Process Simulation and Performance Evaluation
In Case 1 and Case 2, the extraction steam pressure of the regenerative system is equivalent to the extraction steam pressure of the reference system. In this paper, EBSILON software is taken to simulate various systems [7] . In the different stages of the HP, IP, and LP turbines, the constant isentropic efficiencies are equal to 0.88, 0.91, and 0.87, respectively. The terminal temperature difference of the out steam cooler is set to 10 o C. The isentropic efficiency of the regenerative steam turbine is also specified. Based on the simulation results, analyses on thermodynamic performances of various systems are carried out. Based on the simulation results, analyses on thermodynamic performance of various systems are carried out.
The thermal performance results of different systems are derived from the simulation and calculation. Table 1 shows the comparison between the thermal performance and superheat degree of Base Case, Cases 1 and Case 2. The heat rate of Case 1 decreases by 26.2kJ/kWh compared with that of the Base Case. Besides, the power generation efficiency of Case 1 is 0.16%-points higher than that of Base Case. It can also be found that the heat rate in Case 2 decreases by 108.5kJ/kWh compared with that of Base Case. The power generation efficiency of the unit in Case 1 increases by 0.67%-points compared with that of Base Case. The reason lies in the reduction of the superheat degree and the reasonable utilization of extraction steam. Table 2 shows superheat degree of Base Case, Cases 1 and Case 2. It is also obvious to see that in Case 1, the superheat degree of 2# and 5# extraction steam is reduced, and the superheat degree of other extraction is not changed. However, the superheat degree of 2#-7# extraction steam in Case 2 is all significantly reduced. Therefore, the two systems both can make utilization of the extraction steam superheat more reasonable and improve the heat transfer effect. In addition, the thermal performance of Case 2 is better than that of Case 1. 
Techno-economic Analysis of different cases
With the two measures to optimize superheat utilization of extraction steam, new equipment and facilities will be added in power plants. This will lead to the investment of the power plant increase, and will bring with the increment in operation cost and maintenance cost. The specific techno-economic analysis of Base case, Case 1, Case 2 is conducted in this section.
The basic economic assumptions employed here include: (1) The assumed coal price, 4.09USD/GJ LHV, was the average cost for Chinese electric generators in 2012. It needs to be noted that China's coal price is higher compared to other countries, because of the high energy requirement and corresponding policies. (2) The exchange rate is set as 6.25 CNY/USD. (3) The annual utilization time is assumed to be 5000 hours per year. Table 3 gives the investment of added equipment. Standard portfolio analyses for electricity generation are normally performed using the COE [8] , which is calculated by the sum of annual costs for a power generation system divided by the sum of annual energy production, which can be calculated as follows:
[Annual investment cost+Annual O&M cost+Annual cost on fuel] Annual electricity production COE Table 4 shows the results of the techno-economic performance of all the cases. It is clearly to see that:
(1) compared to Base Case, the COE of Case 1 is reduced by 0.03 USD/MWh; (2) after adopting the regenerative steam turbine, the COE of Case 2 greatly decreases by 0.24 USD/MWh compared to that of Base Case. 
Conclusions
This paper presents two typical systems to make the superheat of the extraction steam be used reasonably, which are a double reheat system with outer steam coolers and a double reheat system with a regenerative steam turbine. Besides, thermodynamic analyses and techno-economic analyses are conducted to reveal the energy-saving effects of different systems. The conclusions of this paper as follows:
(1) After adding outer steam coolers, the heat rate of Case 1 decreases by 26.2kJ/kWh compared with that of the Base Case. By adopting the regenerative steam turbine, the heat rate of Case 2 decreases by 108.5kJ/kWh compared with that of Base Case.
(2)Regardless of which operation conditions, the power generation efficiency of the two superheat utilization measures is both higher than that of the reference unit, and the power generation efficiency of Case 2 is the highest, followed by that of Case 1.
(3)In comparison, the COE of Case 1 is reduced after adding outer steam coolers. Furthermore, by adopting the regenerative steam turbine, the COE of Case 2 can be further decreased.
